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ABSTRACT
With  the  strong  experimental  evidence  for  standard  neutrino  mass  and
mixings,  there  exists  now a  possibility  of  the  lepton  flavor  violating  process
−+−+ → WWe µ , which would occur via t-channel neutrino exchange induced by
neutrino  mixings.  We  consider  Langacker’s  generalized  neutrino  mixings
including ordinary (canonical SU(2)L×U(1)Y  assignments), exotic (non-canonical
SU(2)L×U(1)Y assignments) and singlet neutrinos leading to light and heavy mass
eigen  states.  Constraints  on  lepton flavor  violating (LFV) ordinary and heavy
neutrino  overlap  parameters  are  obtained  by  using  the  current  experimental
bounds  on  LFV  process  µ → eγ.  These  constraints  are  used  to  analyze  the
dependence of differential cross section and angular distribution, for the process
−+−+ → WWe µ , on the mass of heavy (exotic) neutrino and c. m. energy  ( s  ).
The possibility of obtaining signatures of exotic neutrino mixings at e-µ collider is
discussed. 
PACS numbers: 14.60.St; 14.60.Pq; 14.60.Ef; 13.15.+g; 13.66.Lm
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I. INTRODUCTION
With the convincing experimental evidence that standard neutrinos must have
non-zero  masses  and  these  states  are  mixed  [1,  2]  the  understanding  of  the
neutrino sector   remains one of the current issues. In principle new possible
neutral heavy states may exist. Neutral heavy leptons beyond the Standard Model
(SM) content  arise  in  many extensions  of the Standard Model,  such as grand
unified theories or super string inspired models [3, 4].  They are referred to as
exotic neutrinos if they do not have usual SU(2)L×U(1)Y quantum numbers. So far
none  of  these  new states  are  experimentally ascertained  and their  masses  are
bounded to be greater than 80.5 - 90.3 GeV [1]. If exotic neutrinos exist  then
even in the case in which these new states are too heavy to be produced, their
presence could still  manifest through their mixing with the SM neutrinos. The
phenomenology of the new heavy neutrinos has been studied extensively [5, 6].
One possibility to  explore  the neutrino  sector  is  to  consider  lepton  flavor
violating (LFV) processes of standard particles, which are absent in the SM and
depend on neutrino mass and mixings.  There have been numerous theoretical and
experimental studies of the LFV processes such as  µ → e  γ,  µ → 3e, τ →3µ,
muon to electron conversion in nuclei and muonium to antimuonium conversion
[1, 7 - 8]. Yet another possibility is to consider lepton – lepton scattering.  This
mode  is  phenomenological  attractive  due  to  different  kinematical  range  and
experimental conditions [8]. The electron-muon collision seems to an interesting
avenue to verify the properties of new exotic  heavy neutrinos  [8-13].  Several
advantages  of  the  e-µ colliders  were  pointed  out  in  Ref.  [10,  11].  The  main
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advantages of the e-µ  colliders over −+ ee colliders are: (i) muons beams are well
known to have a reduced synchrotron radiation loss and (ii) the absence of the Z-
mediated  s-channel  makes  cleaner  the  high-energy properties  of  the  charged
current  interactions.  An interesting point  is  the fact  that  e-µ collider will  test
directly the properties of the two leptonic families  [12,  13].  In this paper,  we
consider the process −+−+ → WWe µ , which violates the lepton flavor and could
occur through neutrino exchange via t-channel Feynman diagrams when the light-
heavy  neutrino  mixing  is  considered.   The  observation  of  the  process
−+−+ → WWe µ  would be a possible signal of the existence of the exotic heavy
neutrinos and their mixing with light neutrinos.
II. NEUTRINO MIXING FORMALISM
A  comprehensive  analysis  of  the  mixing  between  ordinary fermions  with
canonical  SU(2)L×U(1)Y assignments  (i.e.,  left  handed (L) fermions  as SU(2)L
doublets and right handed (R) fermions as SU(2)L singlets) and possible heavy
fermions  with  exotic  (non-canonical)  SU(2)L×U(1)Y assignments  (i.e.,  L-
fermions  as  SU(2)L singlets  and  R-  fermions  as  SU(2)L doublets)  has  been
performed by Langacker and London [4]. In this analysis new neutrinos N1L, N2L
and N3L in the representation
                      
LE
N



−
1 , 
LN
E 

 +
2
, LN 3 , (1)
are considered. In the general Majorana case, the all N1L, N2L and N3L can mix with
the standard neutrinos.  In the Dirac case,  only  N1L and  N3L can mix  with the
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standard  neutrinos.  Following  Ref.  [4]  we  consider  the  three  SU(2)L×U(1)Y
assignments,
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where  −0Le  and  
+0
Le are weak eigenstates of charged leptons ( .,.........,,e LLL
−−− τµ )
and  anti-leptons  ( .,.........,, +++ LLLe τµ )  respectively.  The  
0
OLn are  ordinary SU(2)
doublet  neutrinos,  0ELn  are  exotic  neutrinos,  occurring  in  doublets  with  left
handed anti-leptons and 0SLn  are SU(2) singlets neutrinos. These are themselves
column vectors consisting of individual neutrinos. Let their dimensions are n-, m-
and p- respectively [6], i.e.,
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For convenience, all of the weak eigenstate neutrinos are arranged into a column
vector [4]
T
SLELOLL nnnn )(
0000
= .                                             (6)
Following Ref. [4] we assume that the mass eigenstate neutrinos are all either
light (massless i.e. with masses too small to be kinematically relevant) or heavy
allowing the arrangement of the mass eigenstate into a column vector,
T
hLlLL nnn )(= .                                                       (7)
The  lLn  and  hLn  are themselves  column vectors consisting of  q light  and  r
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heavy neutrinos respectively, i.e.,
T
qLLLlLn ).........( 21 ννν= ,                                              (8)
T
rLLLLh NNNn ).........( 21= .                                              (9)
The weak and mass eigenstates are related by unitary transformation
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0 ,                                              (10)
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where AL, FL and HL are (n×q)-, (m×q)- and (p×q)-dimension matrices describing
the overlap of light neutrinos (nlL) with ordinary doublets ( 0OLn ), exotic doublets (
0
ELn ) and singlets (
0
SLn ) respectively. Similarly EL,  GL and  JL are (n×r)-, (m×r)-
and (p×r)-dimension matrices describing the overlap of heavy neutrinos ( hLn ).
The leptonic charged current involving light charged leptons is
0000†
2
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RERLOLW enenJ
c µµµ γγ +=   ,                                     (12)
where cERn
0  are the neutrinos occurring in exotic R-doublets and related by CP to
0
ERn  [4].
 The charged current in mass eigenstate basis is obtained by using Eq. (10) in
Eq. (12) and is given by
RR
c
hRRR
c
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†††††
2
1 µµµµµ γγγγ +++=                (13)
The first term in the charged current Eq. (13) represents non-universal reduction
in the strength of usual left-handed current due to light-heavy neutrino mixing by
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the factor †LA , which differ from unity. The second term represents the induced
left-handed  charged  current  between  light  charged  and  neutral  heavy (exotic)
states (i.e. coupling between the light charged and neutral exotic heavy neutral
mass eigen states are induced) and these terms are phenomenologically important
as they determine the decays and production of heavy neutrinos. Third and fourth
terms  represent  the  right-handed  current  induced  by  mixing  of  light-heavy
neutrinos.
III. THE PROCESS −+−+ → WWe µ
A. AMPLITUDE AND CROSS SECTION
The  process  ),(),(),(),( 2211 λλσσµ kWkWkek +−+− +→+  (where  the
arguments indicate the four momenta and helicities of the respective particles),
with the inclusion of neutrino mixing, occurs via q-light neutrinos ναL (α =1 to q)
and r heavy neutrinos NξL (ξ = 1 to  r) exchange in t-channel Feynman diagrams
[Fig.  1].  We  evaluate  the  amplitude  for  the  process  following  the  technique
discussed by Renard [14] and Hagiwara and Zeppenfeld [15]. We separate the
contributions to the amplitude in following two parts:
NMMM λλσσ
ν
λλσσλλσσ ,,, +=                                     (14)
The ν λλσσ ,M  is the contribution due to light-neutrino exchange, and is found to
be
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with                             θββν cos21 2 −+=D .                                                  (16)
Here s  is the total c. m. energy, smW /41
2
−=β , 
Wm
s
2
=γ , θ is the scattering
angle,  λλλ∆ −= ,  2/)( σσσ∆ −=  (lepton  helicities  are  normalized  to  ±1),
),(max0 λ∆σ∆=J  is  minimum  angular  momentum.  The
 (15)). Ref. of 2 Table (see functions d  theare d 0J , λσ ∆∆ The coefficients  B and  C are
as those given in Table I.
The heavy neutrino exchange contribution NM λλσσ ,  is found to be
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Here a large number of unknown masses (mξ) and mixing parameters (A, E) make
a  thorough  analysis  impractical.  However,  if  we  consider  the  case  of  mass
degenerate heavy neutrinos [16] or only one heavy neutrino then the discussion
become tractable.  For these cases the amplitude (Eq. (14)) becomes
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From the unitarity of the mixing matrix (UL,) we have  ( ) ( ) µµ eLLeLL EEAA †† −= .
Using this in Eq. (19), we get
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With  unpolarized  initial  beams  the  differential  cross  section  for  the
production of unpolarized W +W − pair is expressed as
2
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The detailed expression of differential cross section is found to be 
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Here it  is appropriate  to note  that  if instead of unpolarized initial  (e  +µ −)
beams, we take left-handed µ − and right handed  e  +  beams, the cross section is
four times the unpolarized case [neutrinos couples only to the )( +− RL eµ ].
B. ESTIMATION OF MIXING PARAMETER ( ) 2† µeLLEE
 For  estimation  of  the  mixing  parameter  ( ) 2† µeLLEE we  use  the  current
experimental bound on the branching ratio (BR) of the LFV process µ → e γ. The
current experimental limit on the BR of the µ → e γ is 1.2 ×10 −11 [17]. Langacker
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and London [18] discussed the neutrino mixing aspect and its effect on the BR for
the process  µ → e  γ with the inclusion of light-heavy neutrino mixing. For the
specific case considered here the BR (µ → eγ ) [19] is (see Eq. (35) of Ref. [6])
[ ] 22)(
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where                                          ( ) 2†2 µµλ eLLLe EE= ,                                   (24)
and                          4
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with                                  22 Wmmx ξ= . 
The  
2L
e µλ  is constrained by the present experimental  limit  BR (µ → eγ) as a
function of heavy neutrino mass mξ. These constraints are shown in Fig. 2.
C. NUMERICAL RESULTS
We now present our numerical analysis of heavy neutrino mixing effects in
the  process  −+−+ → WWe µ .  For  numerical  evaluation  the  values  of  mixing
parameter  ( ) 2† µeLLEE are  taken  as  those  obtained  by  Eq.  (23)  from  the
experimental constraints of the process µ → eγ.
In Fig.  3,  the differential  cross section  
θ
σ
cosd
d
 is  shown as a function of
heavy neutrino mass (mξ) for different c. m. energies  s  = 200, 500, 800 and
1000  GeV at  θ =  450.  We  note  that  at  lower  center  of  mass  energies  (near
production threshold for W +W − pair) the differential cross section decreases with
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increase in heavy neutrino mass, whereas this trend is not observed at higher c. m.
energies.
In Fig. 4, we plot the differential cross section 
θ
σ
cosd
d
 as a function of c. m.
energy s  for varying heavy neutrino mass (mξ) from 100 to 500 GeV at θ = 450.
It is observed that:
(i) For a given heavy neutrino mass,  the differential  cross section first
increases with increase in s , attains a maximum and then decreases
with increase in s .
(ii) At  lower  c.  m.  energies   ( s  <  200  GeV)  for  a  given  s the
differential  cross  section  decreases  with  increase in  heavy neutrino
mass (mξ), whereas this trend is reversed at higher c. m. energies ( s
> 300 GeV) for a fixed s .
The angular distribution is displayed in Fig. 5, for different heavy neutrino mass
mξ = 100, 200 and 500 GeV at fixed s = 1000 GeV. We note that the angular
distribution is enhanced with increase in mξ. For small heavy neutrino mass ( mξ ≤
200 GeV) , the distribution is peaked at cosθ  ≈ 1.
IV. CONCLUSIONS
The process  −+−+ → WWe µ  violates the lepton flavor and would occur  if
ordinary – exotic neutrino weak states are allowed to mix. Constraints on light
(ordinary) –heavy (exotic) neutrino mixings are obtained by using experimental
bounds on LFV process µ → e γ.   Stringent      constraints (mixing parameter2
10
≤ 10 −8 ) are obtained for exotic neutrino mass mξ  ≥ 5 TeV (Fig. 2). For mξ  < 5
TeV the constraints are less severe.
The  amplitude  for  the  process  −+−+ → WWe µ  depends  on  exotic  heavy
neutrino mass mξ and reduces to zero in the absence of exotic neutrino mixings.
The differential  cross  section  (Fig.  3  and 4)  and angular  distribution  (Fig.  5)
depend  on  the  heavy  neutrino  mass  mξ.  As  such,   measurements  of  these
quantities would in principal give an estimate of the exotic neutrino mass mξ.  
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Table.1 The explicit form of the coefficients B and C
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Figure captions
FIG.1:    Feynman diagrams for the process  −+−+ → WWe µ (a) light neutrino
(ναL) exchange (b) heavy neutrino (NξL) exchange in t- and u- channels.
FIG. 2:    Constraints on 
2L
e µλ as a function ξm .
FIG. 3:  The variation of differential crass section 
θ
σ
cosd
d
 with heavy neutrino mξ
mass for   different values s  at scattering angle θ  = 450. 
FIG. 4:   The variation of 
θ
σ
cosd
d
 with s  for different values of heavy neutrino
mξ at scattering angle θ  = 450.
FIG. 5:  The variation of 
θ
σ
cosd
d
 with cosθ for different values of heavy neutrino 
mξ  at s  = 200 GeV. 
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